Abstract. Probe-fed hexagonal patch antenna suffers from impedance mismatch especially when feed is located at one of the vertices of polygon. Hexagonal planar antennas also suffer from high cross polar levels. This paper proposes a method to overcome impedance mismatch and to increase co-polarization level by reducing ground plane. Vertex feeding is demonstrated in this paper to establish improvement in impedance values more clearly. The impedance at any vertex of a hexagonal patch is too high when compared to the characteristic impedance of the probe. Three vertexfed hexagonal antennas are developed to demonstrate the effect of ground plane reduction within C-Band. The proposed technique can be optimized to match the impedance and achieve good return loss where monopole radiation characteristics are not an issue. A vertex-fed reduced ground hexagonal antenna is proposed here that operates around 5 GHz with a frequency span of 600 MHz. Thus, the proposed antenna is quite suitable for indoor wireless LAN (UNII-1) applications.
Introduction
Hexagonal structure and its derivatives are proposed and investigated in detail [1] , [2] and [3] . Hexagonal antennas excite higher modes and exhibit wide-band behaviour at higher frequencies when the input probe is connected directly to one of the vertices of the hexagon [4] and [5] . Multiple resonances are observed due to the mismatch in impedance in a probe-fed hexagonal antenna [6] . To obtain single resonance, it is necessary to suppress or filter out all additional modes. To suppress spurious radiation, Split Ring Resonators (SRRs) and Complementary SRRs (CSRRs) have been utilized earlier [7] and [8] . Another solution to resolve the issue of the impedance mismatch in case of a thick substrate is capacitive probe compensation [9] . Capacitive probe compensation techniques such as a Parallel Plate Capacitor (PPC) and annular ring can be used to match the impedance of the inductive probe when a dielectric substrate of thickness greater than λ/10 [10] is used to expand antenna's operating bandwidth [11] . PPC can be used to improve impedance matching at lower modes in probe-fed hexagonal antenna [12] . It is necessary to recognize a method to match the impedance in case of a thinner substrate where the thickness is less than λ/10. Ground plane reduction technique can improve impedance matching as earlier demonstrated for a clamshell mobile phone [13] . The overlap area between patch and ground plane is minimal when monopole antennas are designed for UWB applications [14] and [15] . WSN nodes radiating through antennas with a truncated ground plane are developed to optimize the size and the bandwidth constraint [16] . Ground plane reduction technique is also used to achieve ultra wideband in a coplanar antenna [17] . The effect of dimensions of the ground plane, on radiation patterns of the antenna, has been investigated by Noghanian et al. [18] . Truncation of the ground plane has an influence on gain as well as on the impedance bandwidth of an antenna as revealed by the parametric studies [19] . The effect of the size of a ground plane on antenna performance has been studied and analyzed [20] . A potential solution to overcome the issue of impedance mismatch is reduced ground technique. The impedance matching using defected ground structure has been achieved in [21] . Tong et al.
theoretically investigated ground plane size reduction and recommended an optimized ground plane size [22] . This paper utilizes the reduced ground technique to match the impedance of the patch with the probe in vertex fed hexagonal patch antenna without using the SRRs, CSRRs, PPC or annular ring.
In this paper, an impedance matched vertex-fed hexagonal antenna with a truncated ground plane is proposed and analyzed experimentally. The second section of the paper describes the design of proposed antennas while demonstrating the effect of ground plane reduction in C-Band. Third section of paper discusses the effect of reduced ground on return loss and impedance through measurement results. Besides an impedance match, reduction of ground plane suppresses additional resonances if any. The fourth section of the paper discusses observations from antenna radiation pattern measurements and far-field gain measured in an anechoic environment. The final section concludes the findings and observations in the proposed work. The paper proposes a technique in a directly fed hexagonal antenna by reducing dimensions of the ground plane to achieve improvement in impedance matching, to decrease cross polarizations levels and to suppress adjacent resonances, if any.
Antenna Design and Simulation
The vertex-fed hexagonal patch antennas with the reduced ground are designed as shown in Fig. 1(a) while the cross-section along the x-axis is shown in Fig. 1(b) .
To understand the effect of reduced ground, three antenna prototypes are designed and fabricated. Dimensions of features used for all three antennas are shown in Tab. 1. In all antenna prototypes, substrate material FR-4 ( r = 4.3 and tan δ = 0.025) with height (h = 1.5 mm) is used. In all antenna prototypes, Standard Sub-Miniature (SMA) connector with a pin diameter of 1.24 mm is used to feed the hexagonal patch. The height of the outer conductor is 10 mm with radius 2.57 mm as shown in Fig. 1 The substrate dimension plays a significant role in co-and cross-polarization levels [23] . The value chosen for substrate dimensions for all antenna designs were optimized to limit cross-polarization levels. Simple RLC resonant equivalent circuit can be used to model the proposed antennas [6] and [24] . Lumped elements (RLC) can be obtained for different antennas i.e. Antenna 1, 2 and 3, as given by Eq. (1), Eq. (2) and Eq. (3), respectively.
where, f n is centre frequency of operating band, and, h and r are substrate characteristics, respectively.
An equivalent circuit can be modeled on similar lines as in [6] with patch capacitance (C patch ), inductance (L n ), resistance (R n ) for a given f n can calculated using the Eq. (1), Eq. (2) and Eq. (3) which can be further used to calculate patch impedance (Z patch ) and Z 11 as expressed in Eq. (4) and Eq. (7) respectively. The capacitance (C j1 and C j2 ) and inductance (L j1 ) exist because of probe to patch junction. The probe itself exhibits resistance (R p ) and inductance (L 0 +L p ) when inside the substrate. The height of the probe outside the substrate introduces resistance (R ph ), inductance (L ph ) and capacitance (C ph ).
Then, the reflection coefficient (dB) can be calculated using Eq. (5).
where, Z 11 is expressed in Eq. (7) and Z 0 is 50 Ω.
The expression given in Eq. (1) is used to calculate C patch for different values of G p , where C patch is equivalent capacitance calculated for a series combination of C f g (full ground capacitance), ∆C rg (reduced ground capacitance), and ∆C hs (hexagonal slot capacitance), where, n represent number of resonant tank circuits.
To obtain |S 11 | < −10 dB, the ground plane is optimized by reducing it by a factor, G p . Antenna 1, 2 and 3 radiates at 7 GHz, 5.5 GHz and 5 GHz respectively. To understand the effect of reduced ground on impedance, reflection coefficient for all the three antenna configurations are simulated for three different values of factor G p i.e for full ground (G p = 0 mm), half ground (G p = l g /2) and optimized ground. When a reduced ground with G p = 14, 19 and 28 mm is used with Antenna 1, 2, 3, |S 11 | < −10 dB at 7 GHz, 5.5 GHz and 5 GHz, is achieved as observed in Fig. 2, Fig. 3 and Fig. 4 respectively. It is observed that a planar antenna design requires optimization of dimensions of its ground plane to improve reflection coefficient at a desired frequency before its application. It is important to note that the reduction in area of ground plane is significant while matching the impedance and achieving |S 11 | < −10 dB. In case of Antenna 1 and Antenna 2, the optimized value of G p is observed when 57.3 % of ground area is reduced but results in spurious frequency as may be observed in Fig. 2 and Fig. 3 . When the ground is reduced by 77 % the perfect impedance matching is observed in case of Antenna 3 as shown in Fig. 4 .
The impedance at vertex is very high which is not suitable when probe is placed at vertex as may be observed in Fig. 2, Fig. 3 and Fig. 4 in all the three configurations with full ground i.e. G p = 0 mm. Due to truncation of ground plane, the effective capacitance of the patch compensates the impedance mismatch due to probe feeding at resonant frequency. Values of impedance increase due to probe feeding, but optimum or reduced ground can compensate any mismatch in impedance due to probe location. The phenomenon of impedance matching is further verified with the measurement results in the next section of the paper. It is interesting to note that reduction in G p excites modes at lower frequencies.
In order to distinguish the modes at resonating frequencies, the magnetic mode field i.e. H-field at distinct phases of the excitation signal are observed. The magnetic mode field for Antenna 1 is displayed in • respectively. The magnetic mode field analysis suggests that frequencies 7.02 GHz, 5.5 GHz and 5 GHz correspond to same mode while frequencies 7.86 GHz and 6.64 GHz have same mode. Since the second mode is suppressed in Antenna 3 the two different modes are plotted at phases 45
• and 90 • .
Experimental Results
The picture of all developed antenna prototypes, as designed and discussed earlier in Sec. 2. , are shown in Fig. 6 . To characterize the fabricated antennas for return loss and impedance, Keysight's (N9928A) Vector Network Analyzer (VNA) is used. The return loss of the fabricated antennas is observed and presented in Fig. 7 . The Antenna 1, 2 and 3 resonate at 7 GHz, 5.5 GHz and 5 GHz respectively. When return loss of Antenna 1 and 2 are compared, it can be observed from Fig. 7 that although frequency shifts from 7 GHz to 5.5 GHz due to change in dimensions, but antenna behavior remains unchanged. Vertex-fed hexagonal patch antenna generates multi-mode response in case of Antenna 2 and Antenna 3.
Additional resonances can create interference in diversity applications thus spurious radiation needs to be suppressed. The presence of spurious radiation at 7 GHz is also observed in case of Antenna 2. Similarly, spurious frequency is also observed in return loss of Antenna 1 at 8.8 GHz in X-band as shown in Fig. 7 . Further reduction of ground plane evidently suppresses spurious frequency but with the slight shift of resonating frequency from 5.5 GHz to 5 GHz, due change in the radius the hexagon from 15 mm to 17.5 mm. An undesired mode can be suppressed by reduced ground technique where monopole radiation characteristics are not an issue. It is interesting to note that there is a 200 MHz enhancement in the impedance bandwidth when Antenna 2 and 3 is compared. As the ground plane reduces, the antenna capacitance reduces, which in turn compensates the inductive probe. Based on the observations of measured return loss, it can be concluded that ground plane dimensions play significant role in matching the impedance of the probe.
The value of the impedance Z 11 is 33 + j0.55 at 7 GHz, 53.92 + j18.94 Ω at 5.5 GHz and 53.37 − j5.2 Ω at 5 GHz for Antenna 1, 2 and 3 respectively as shown in Fig. 8 . By observing the measured value of impedances for all three antenna configurations, it can be noticed that initial inductive impedance of the hexagonal patch is tuned by ground plane reduction factor, G p (see Fig. 1 ). Although ideally reactive impedance should be zero, small value of reactance is observed. One of the reasons for difference from the ideal value is fabrication tolerance. Real value of impedance is close to expected value of 50 Ω i.e. impedance of the probe, in case of Antenna 3.
Antenna Pattern Measurements
The radiation patterns of all three antenna prototypes are measured in an anechoic environment at their resonant frequencies. Pre-calibrated standard Dual Ridge Horn (DRH) transmits power to measure the absolute far-field gain of the fabricated antennas for the two fundamental planes. For the measurement of far-field gain, Agilent's (E-4412A) Power Sensor and Agilent's (E-4418B) Power Meter are used to sense and measure the received power while Keysight's (N5173B) Signal Generator is used to transmit power through the DRH antenna as shown in Fig. 9 .
The transmitting antenna provides gain of 8.5 dB and 6 dB in the two different planes which are further used to calculate the antenna gain. The antenna under test is rotated from 0
• to 350 • in 10
• increments while losses due to cable, the path loss and the absolute transmitted and received power are also measured to calculate antenna gain. The transmitting antenna is 60 cm apart from the receiving antenna which is greater than the Fraunhofer distance required. Signal generator feeds transmitting antenna a power of 18 dBm. Finally, the received power is measured and data are used to calculate the far-field gain.
The co-polar (Eco/Hco) and the cross-polar (Ecx/Hcx) patterns are measured for the Antenna 1, 2 and 3 at 6.91 GHz, 5.45 GHz and 5 GHz as shown in Fig. 10(a), Fig. 10(b), Fig. 10(c) respectively. A difference of around 20 dB is observed between co-and cross-polar levels at antenna bore-sight for the H-and E-plane in all antenna prototypes. The peak gain at the antenna bore-sight is approximately constant at 3 dB even when the resonant frequency shifts from higher to lower band i.e. 6.91 GHz in case of Antenna 1, 5.45 GHz in case of Antenna 2 and 5.01 GHz in case of Antenna 3. Although the patch radius of Antenna 3 is 1.45 times the Antenna 1 but the gain of Antenna 3 is approximately equal to gain of Antenna 1 at lower frequency due to the fact that the bandwidth of Antenna 3 is higher as compared to Antenna 1. It appears to follow Bode-Fano criterion which states that wider bandwidth can be achieved at an expense of higher reflection coefficient [25] . The nulls of the cross polarization level are centered at 0
• for all the three antenna prototypes. Due to the reduced ground plane, the proposed antennas have quasi-monopole radiation patterns. The gain of proposed antenna (Antenna 3), obtained using Friss transmission equation when applied to data collected from radiation pattern measurement, is found to be 3 dB. The 3-dB beamwidth are approximately 60 • and 50
• for H-and E-plane respectively. The proposed antenna is suitable for wireless LAN (UNII-1) applications. 
Conclusion
This paper presents a technique to match impedance and in effect, to suppress any additional resonance in a directly fed hexagonal patch antenna. Technique of ground plane reduction is used for matching the impedance at a frequency radiated by the proposed antenna. The proposed antenna exhibits matched impedance at 5 GHz with a value of 53.37 − j5.2 Ω which is very close to 50 Ω. The Antenna 3 radiates a gain of 3 dB and operates within a bandwidth of 600 MHz at 5 GHz making it suitable for WLAN (UNII-1) applications. The co-and cross-polar levels when observed at 5.1 GHz have a more than 25 dB difference at antenna bore-sight in both H-and E-plane. Higher order mode is suppressed by more than 10 dB due to ground plane reduction in case of proposed Antenna 3.
